Quantitative electron probe microanalysis and electron spectroscopic diffraction analysis was used to determine the gradient of distribution of calcium and its crystalline pattern at different levels (lower gelatinous membrane, upper gelatinous membrane and otoliths) in the otoconial membrane of adult OF1 mice. Our quantitative electron probe microanalytical data, obtained with scanning-transmission electron microscopy, indicated that there was a gradient in calcium concentration which increased from the vestibular surface towards the otoliths. Differences between the three regions of the otoconial membrane were statistically significant in both the utricle and saccule. Our results with electron spectroscopic diffraction revealed an increasing crystalline development from the lower gelatinous membrane towards the otoliths. Our findings with both techniques suggest that the gelatinous membrane is involved in the maturation and crystallization of the otoliths.
INTRODUCTION
The vestibular maculae in the inner ear are made up of a sensory epithelium formed of two different types of cells: sensory hair cells and supporting cells. Overlying both is the otolithic membrane, consisting of two layers: a superficial layer of otoconia made of calcium carbonate (usually in the form of calcite), which contains an organic matrix, and an underlying otoconial, gelatinous membrane (GM) containing glycoprotein and glycans. The GM comprises two layers: a dense peripheral layer that supports the otoconia and a more loosely arranged network called the columnar layer which connects the surface of the epithelium to the GM (1 -3) .
The mechanism of formation of the otoconia is controversial. The respective roles of the endolymphatic sac, marginal zone and supporting cells need to be more precisely defined. Moreover, the process of biomineralization which leads to the final configuration of the otoconial crystals needs to be clarified (3) (4) (5) (6) (7) . Another issue that is being intensively studied is whether the otoconia, once formed, are stable, renewable or replaced. Some authors have found in both normal and pathological tissues that neogenesis, regeneration and growth of otoconia takes place in adult animals (8 -10) .
Using potassium pyroantimoniate precipitations, Harada et al. (7) recently suggested that otoconia were formed by vestibular supporting cells in which calcium ions might be transported via endoplasmic reticulum-secretory granule-lysosome-cytoplasmic protrusions. Earlier studies by our group with electron probe microanalysis (EPMA) showed different patterns of distribution of elements involved in biomineralization in the GM, from the surface of the vestibular supporting cells to the otoconia (11) . Semiquantitative and quantitative EPMA of the inner ear have focused mainly on the elemental composition of otoconia under normal and pathological conditions (12) (13) (14) . However, the GM has seldom been studied by EPMA because of methodological difficulties (15) (16) (17) .
The aim of the present study was to use EPMA and electron spectroscopic diffraction analysis to determine the gradient of distribution of calcium and its crystalline pattern at different levels of the otoconial membrane and to help clarify the process of biomineralization and the role of each topographical region in otoconial remodelling.
MATERIALS AND METHODS
Ten otolithic membranes (five saccules and five utricles) were obtained from adult OF1 mice, cryofixed in liquid N 2 -cooled freon 22 and freeze-dried at − 80°C for 24 h. The samples were then embedded in EPON-812 resin and polymerized at 70°C. Dried sections 500 nm thick were cut with an ultramicrotome and transferred to a double-aperture holder for the electron microscope. The two apertures were covered earlier with thin pioloform foil and coated with carbon. These sections were studied in a Philips CM 20 scanning-transmission electron microscope (STEM). Microanalysis was carried out with the STEM using an EDAX Si (Li) detector system with a multichannel To determine the crystalline pattern of calcium in different topographical regions of the otoconial membrane, six otoconial membranes, three from utricules and three from saccules, were taken from adult OF1 mice and snap-frozen in liquid nitrogen-cooled propane within 30 s of removal from the animal, freeze-dried at −80°C, slowly warmed under a vacuum and then infiltrated with chlorine-free Spurr's resin. After polymerization at 70°C, ultrathin sections measuring 40-80 nm thick were cut, keeping the duration of contact with water in the microtome to a minimum to ensure that no appreciable mineral loss took place. A Zeiss EM902 transmission electron microscope was used at an accelerating voltage of 80 kV to obtain images for microstructural analysis. Electron spectroscopic diffraction was determined according the Debye-Scherrer rings. To compare the data from the utricle and saccule, and between different regions of the otoconial membrane, we used analysis of variance.
RESULTS
Observations with quantitative EPMA in the three regions of the otolith membrane (Fig. 1) revealed the calcium levels in each region (Table I ). In the otoliths we found significant differences between the utricle and saccule.
When we compared calcium concentrations in different regions of the otolith membrane ( Table II) we found that the differences in both the utricle and saccule were statistically significant. The data indicated that there was a gradient in calcium concentration, which increased from the vestibular surface toward the otoconia in both the utricle and saccule.
Electron spectroscopic diffraction provided information on the structural analysis of the crystalline development in the otoconial membrane at different levels ( Fig. 2A-C) .
DISCUSSION
The use of scanning electron microscopy with qualitative X-ray microanalysis and different cytochemical techniques (7, 8) Both the otolith and the GM were microanalysed. A central zone of otoliths measuring 2 to 5 vm was studied; in the GM, two different regions were analysed, one no more than 2 vm from the otolith (upper gelatinous membrane, UGM) and another 4 vm from the otolith (lower gelatinous membrane, LGM). In each specimen 30 analyses were done: 10 for each otolith and 10 each from the UGM and LGM. Calcium in the GM and the otoliths was quantified according procedures developed previously (11, (15) (16) (17) . The concentration of calcium in the otoliths and GM were calculated with Hall's equation (18) . cium in the GM of the inner ear vestibular organ. The presence of calcium has been related with the formation or maintenance of the overlying otoconia. Scanning electron microscopy and quantitative X-ray microanalysis have provided information about the concentration of other elements in the GM involved in the biomineralization process (15, 17) . However, because of technical difficulties, no previous studies have attempted a quantitative electron probe analysis of calcium concentrations and their crystallization patterns in different topographical regions of the GM. We previously developed a method for SEM quantitative (12, 19, 20) which we have now adapted to scanning-transmission electron microscopy, that makes it possible to obtain more precise information about the exact localization of the different regions in the GM. Our results revealed that the concentrations of calcium increased from the LGM toward the otoconia in both utricle and saccule. When we compared each of the two regions (LGM and UGM) between the utricle and saccule, we found no significant differences in calcium levels.
However, when we compared the otoconia in the utricle and saccule we found significantly higher concentrations of clcium in the former. Zhang et al. (10) have shown that the utricular otoconia show a higher calcium uptake or exchange than those of the saccule. Some authors have related this finding with the hypothesis that the sacculer otoconia help to preserve ionic homeostasis in the lower part of the labyrinth, whereas the utricular otoconia perform the same function for the upper part. Although our results are compatible with the fact that in adult animals the otoconia form a dynamic mineral deposit that acts as an ion reservoir, the presence of a calcium gradient within the GM may also be important for otoconial formation and remodelling. To shed light on the significance of this gradient, the second part of our study used electron spectroscopic diffraction to determine the crystalline pattern of calcium within the GM and otoconia. Our results revealed an increasing crystalline development from the vestibular surface towards the otoconia, similar to the findings of Plate and Hö hling (21) in tooth enamel mineralization.
The earlier crystal pattern is formed in the LGM, whereas a more mature texture is seen in the UGM and otoconia in both the utricle and saccule. According to Plate and Hö hling (21) , this is the best method to obtain structural information about primary crystal formation, because only about a tenth of the crystal size is necessary to obtain a diffraction pattern, in comparison with X-ray diffraction. The results suggest that the GM is involved in the maturation and crystallization of otoconia.
The GM probably participates not only in transporting and concentrating calcium in the UGM, but also in the creation of a microenviroment in which crystal inhibiting/accelerating agents might be present (22) (23) (24) . Different types of correlations have been demonstrated between different ions in GM in both normal and pathological conditions (inverse relationship between P and K and a direct relation between P and S) (15, 17) . Studies designed to gain further insight into the topographical differences in ion distribution (incluiding calcium) may therefore provide information on the mechanism that determines how these ion balances within the otoconial membrane are involved in biomineralization.
